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Introduction B(_l B,
The indirect-drive approach! to inertial confinement 1 g T 1)

fusion (ICF)? relies on thermal x-ray radiation to drive kg ¥‘ B '
the implosion of the fuel capsule. This radiation is gen- OﬂTn dn
erated by the interaction of intense beams—either 0

lasers® or particles*—with the interior wall of a high-Z
cavity or hohlraum. The radiation is usually described
by a blackbody spectrum with a temperature of about
250 eV. This high-temperature radiation not only
drives the fuel pellet compression, but it also heats and
ablates the hohlraum wall. In this article, we describe a
method for making the hohlraum wall more opaque to
the drive radiation. This leads to lower losses and
more energy available to implode the fuel.

The interaction of the radiation with the hohlraum
wall is characterized by multiple absorption and
reemission of the x rays.5~ The ratio of the reemitted
flux to the incident flux is referred to as the albedo,
a. The efficiency with which the radiation couples to
the capsule depends on the albedo; increasing the
albedo improves the drive efficiency. The incident flux
is the sum of the reemitted flux plus the x-ray flux lost
to the wall. The flux lost to the wall propagates
through the wall in the form of a diffusive ablative
heat wave.8 Figure 1 shows how radiation propagates
through the high-Z wall material. The details of this radi-
ation flow will be discussed in the next section. The rate
of diffusion is (approximately) inversely proportional to
the square root of the Rosseland mean opacity,’ which is
used to describe radiation transport in optically thick
materials when the matter and radiation are in thermo-
dynamic equilibrium. It is defined as a weighted har-
monic mean of the frequency-dependent opacity:
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Here, ky is the Rosseland mean opacity, k,, is the
frequency-dependent opacity, B, is the blackbody
spectrum, and T is the radiation and material temper-
ature. This mean opacity is dominated by the minima
in the frequency-dependent opacity. Increasing the
Rosseland mean opacity reduces the radiation energy
lost to the walls, thereby increasing the drive temper-
ature and improving the coupling efficiency of the
radiation to the fuel pellet for a given laser power
(and x-ray conversion efficiency).

Typically we use pure Au hohlraums heated to
~250 eV. Figure 1 shows a frequency-dependent opac-
ity for Au at a density and temperature relevant to
these experiments. This opacity was calculated using a
very simple average atom model!? for Au at 1.0 g/cm?3
and a temperature of 250 eV. There are significant
windows in the opacity at energies around the peak
of the blackbody spectrum. The gross structure of the
opacity in Figure 2(a) is dominated by the bound-free
(photoelectric) absorption coefficient; the sharp increases
in opacity correspond to the photoionization of the
atomic shells (K, L, M...). Figure 2(a) also shows the
weighting function ﬂBV/ 9T used in the definition of
the Rosseland mean opacity for a 250-eV blackbody
distribution. The peak of the weighting function is
fairly broad (~1 keV FWHM), and it occurs at about 1
keV, which is near the minimum in the opacity
between the N- and O-band absorption edges. To
improve the efficiency of the hohlraum, we need to
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FIGURE 1. Schematic of radiation diffusion (Marshak wave propa-
gation) into high-Z material. Blackbody radiation is incident on the
material at X = 0. The front of the heat wave at any given time f is
indicated by Xy . In this schematic, the temperature is a weakly
increasing function of time. (70-00-0197-0143pb01)

blend-in materials whose high-opacity regions com-
plement the low-opacity regions of the original mate-
rial.l1 Figure 2(a) also shows the calculated
frequency-dependent opacity for gadolinium at T =
250 eV at a density of 1.0 g/cm3. Gd was chosen
because its high-opacity regions occur around the
same frequency as the holes in the Au opacity. For
the frequency-dependent opacities shown here, the
Rosseland mean opacity for Au is 823 cm?/g and
455 cm?/ g for Gd. In a properly designed material
containing both atoms, the radiation samples the com-
bined opacity of both materials resulting in a higher
Rosseland mean opacity. Using the opacity model
employed in generating Figure 2(a), the Rosseland
mean opacity of a 50:50 mixture of gold and gadolin-
ium, with density 1 g/cm3 and temperature 250 eV,

is 1390 cm?/g. The frequency-dependent opacity of
this composite material is shown in Figure 2(b). A
more sophisticated opacity model, XSN,!? wherein
bound-bound transitions play a more central role in
determining opacity, would give kg = 1500 cm?/g for
Au, 1300 cm2/g for Gd, and 2500 cmz/g for the 50:50
Au/Gd mixture at the same density and temperature.

Analytic Model of Radiation
Flow through High-Z Material

In order to determine the Rosseland mean opacity
of a material, we measure the propagation time of a
radiation heat wave (also referred to as a Marshak wave)
through a well characterized sample of that material and
compare the measurement to analytic!3-15 and numerical
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FIGURE 2. (a)Frequency (energy)-dependent opacity of Au and Gd.
Also shown is the weighting function (fB/T) used in the definition
of the Rosseland mean opacity corresponding to a 250-eV Planckian
distribution. (b) Frequency (energy)-dependent opacity of a 50:50
mixture of Au and Gd at a density of 1 g/cm3 and a temperature of
250 eV. (70-00-0197-0144pb01)

solutions. The nonlinear diffusion equation that governs
the Marshak wave behavior involves the specific energy
density and the Rosseland mean opacity of the mate-
rial. For the experiments discussed here, it can
approximately be written as:

Tig-d2ds 1,49
MY 7T & rkg g

)

wherer is the material density, eis the specific energy
density of the material, and s is the Stefan-Boltzmann
constant. Using the XSN opacity model, the Rosseland
mean opacity for Au in the temperature range of 100 to
300 eV is found to scale as kg=kr 0.337-1, where k, is in
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cm /g, K, is 3500 whenr isin g/cm and Tis in heV
(10% eV). The energy density of the material is approxi-
mated as €» e,T1>. With these analytic models for k
and e, the self-similar solution for the diffusion equa—
tion gives the energy lost to the wall and the position
of the Marshak wave front as a function of time and

temperature:6
3.000.62),-0.4
rx 71.74055)-045
M KK (4)

These solutions were derived for a constant tem-
perature. In a more general case, the boundary tem-
perature itself can vary in time, thus changing the
temporal dependence of E_ and r X, . For example,
in the case of a constant absorbed x- ray flux on the
wall, E = const(u %), and from Eq. (3), we would have
the temperature scaling as T | 1912 Tn this case, the posi-
tion of the Marshak wave would scale as t978. This is
the sort of behavior one would expect for a constant
laser power and a constant x-ray conversion efficiency.
In fact, the x-ray conversion efficiency increases slowly
in time. We will assume that h_, p 2, although mea-
surements!® from Au disks indicate that the conversion
efficiency could be significantly higher (h_, p t*4).
Using this temporal behavior for the x-ray flux (and
hence wall loss), we find the temperature to scale as
1018 and the Marshak wave position to scale almost
linearly with time for constant laser power:

rXy M 9%k 0 045 . 5)

The time dependence of the Marshak wave position
is very close to that observed experimentally' for Au
foils of varying thickness exposed to the same
hohlraum drive in these experiments (r X, ;1 ). We will
also see below that this temporal dependence of the
hohlraum temperature is close to that observed experi-
mentally. Therefore, this model is probably the best
representation of the experiment described here.

Measurement of Radiation Flow
through High-Z Material

To measure the propagation of the heat wave
through a given material, we expose the sample to the
near Planckian radiation distribution generated inside a
standard Nova hohlraum.!” The sample materials are
attached to the side of the hohlraum wall (Figure 3, top).
Figure 3 (bottom) is a photograph of an actual sample
patch on the side of the hohlraum. The standard Nova
hohlraum consists of a 2700-ym-long-cylindrical cavity
with a diameter of 1600 um. The laser entrance holes
(LEHS) on the ends of the hohlraum are 800 ym in
diameter. The Nova laser beams, five from each end,
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FIGURE 3. Schematic of hohlraum showing laser illumination
scheme and sample package mounted on side of hohlraum (top);
photograph of foils mounted on hohlraum (bottom). The region
between the foils looks directly into the hohlraum and serves as a

temporal fiducial. ~ (70-00-0197-0145pb02)

enter the hohlraum through the LEHs and strike the
inside of the hohlraum at 40° to the surface normal.
The laser beams illuminate an annular region that is
centered about 900 ym from the hohlraum midplane
on each end of the hohlraum. For the experiments
described here, the total laser energy is about 27 kJ,
and the laser pulse duration is 1 ns. The five beams on
each end intersect in the LEH and are focused 1000 ym
in front of the LEH. The laser beam illumination on the
hohlraum wall is roughly a 400-um-" -600-um ellipse.
Thus the average laser intensity on the wall is about
105 W/cem?,

The hohlraum wall temperature is monitored with an
absolutely calibrated multiple-channel soft x-ray spec-
trometer, DANTE.!8 This diagnostic views a portion of
the interior hohlraum wall through a small hole in the
hohlraum. Care is taken that DANTE does not view a
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laser spot. In Figure 4, we show the temporal profile of
the total laser power and the hohlraum temperature.
The laser pulse rises rather sharply (~100 ps) and
exhibits a small oscillation (+5%) during the “flat-top”
region of the pulse. The corresponding hohlraum tem-
perature rises more slowly, reaching a temperature of
about 200 eV at 300 ps. Beyond this point, the
hohlraum temperature rises more slowly with time
(~t%1%) during the nominal constant laser power. This
is characteristic of the Marshak wave behavior in a
material absorbing a constant flux as opposed to a
material at constant temperature. The test sample
package covers a 600-um-high, 1200-um-long slot that
is cut in the hohlraum wall and is centered about the
hohlraum midplane (see Figure 3). Various test materi-
als cover portions of this slot with one section left
uncovered to provide a fiducial signal at t = 0 (the
beginning of the drive pulse). The sample package
usually contains a pure Au sample and a sample of the
mixture. The fiducial is located in the center and the
burnthrough foils are mounted on either side of it to
mitigate any possible effects of hohlraum temperature
nonuniformity in the axial direction (i. e., higher
hohlraum temperature closer to the laser spots). The
radiation inside the hohlraum drives the Marshak
wave into the material. Sample thicknesses are usu-
ally on the order of one to a few microns so that the
radiation propagates through the sample before the
drive (i. e., the laser beams) turns off.

In the measurements described here, we investigate
the transport of the thermal wave through pure Au
foils and Au/Gd mixtures. Two methods of fabricating
the mixture are to cosputter the elements resulting in
an amorphous material of Au/Gd, or to alternate lay-
ers of the constituent elements. A Au/Gd foil that was
fabricated by cosputtering the Au and Gd atoms onto a
substrate was found to be unacceptable because the
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FIGURE 4. Typical 1-ns “square” laser pulse used to drive the
hohlraum and the corresponding hohlraum temperature measured
with DANTE and albedo corrected.  (70-00-0197-0146pb01)
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internal stresses generated by this fabrication tech-
nique resulted in an extremely fragile material.

In the latter method of fabrication, the areal density
of each layer must be optically thin to the radiation, so
that the radiation samples both elements simultane-
ously and averages over the opacity of two elements.
In this experiment, the Au/Gd samples are formed by
depositing alternate layers of the two elements on a
substrate, which is later removed to provide a free
standing sample. Two different samples (of the multi-
layer variety) corresponding to different atomic fractions
of Au and Gd were fabricated. One composite comprises
200 layer pairs of Au and Gd. The thickness of each Au
layeris 75 A, and the thickness of each Gd layer is 75 A.
This sample is 33% Gd and 67% Au by atom. The overall
thickness is 2.22 um, and the areal density of this sample
is equivalent to 1.6 yum of Au (i. e., 3.15 mg/ cm?). The
second sample comprises 146 layer pairs; the thickness
of each Au layer is 35 A, and the thickness of each Gd
layer is 116 A. In this case, the sample is 67% Gd and
33% Au. The overall thickness of this second sample is
3.02 ym, again corresponding to an equivalent areal
mass of Au of 3.15 mg/cm?. In either of these samples,
the individual thickness of each layer of either the Au
or the Gd is much less than the range of a photon
(100-1000 eV) in these materials. For example, the cold
opacity of Au to x rays between 100 and 1000 eV is
between 0.5 and 1.5~ 10* cm?/g. For solid density,
then, the range of a photon is (kr )L or about 1000 A,
which is much larger than the typical layer thickness
(~102 A) and much less than the typical sample thick-
ness (~10% A).

The thermal radiation corresponding to the
hohlraum drive is monitored as a function of time as it
burns through the different foils using a streaked x-ray
imager (SXI). The SXI images the foil in one direction
using a 20-ym-wide imaging slit. The image is dis-
persed with a transmission grating oriented perpen-
dicular to the imaging slit, and the energy at which we
monitor the burnthrough is determined with an offset
aperture located behind the transmission grating. All
of the data discussed here corresponds to 225-eV radia-
tion. The one-dimensional image is monitored with an
x-ray streak camera. Figure 5 shows the streaked
image for a sample patch mounted on the side of a
hohlraum. The corresponding lineouts of the image
(fiducial, pure Au foil and Au/Gd composite foil) are
also shown. Figure 5 shows that the radiation burns
through the composite foil about 100 ps after it burns
through the pure Au foil.

To determine the ratio of the mixture’s Rosseland
mean opacity to that of Au, we used the results of
self-similar solutions [Eq. (5)] and assumed that the
two foils are exposed to the same temperature.
Independent measurements on the uniformity of the
temperature in the region of the test patch indicated
that the hohlraum temperature is uniform to within
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FIGURE 5. Streaked image of test-sample patch monitored at 225 eV
(top). The fiducial signal is in the center of the image; the radiation
burning through the pure Au sample is on the left of the fiducial,
while the radiation burning through the Au/Gd composite sample is
on the right. Lineouts of the three sections of the streaked image
(bottom). The radiation burns through the Au/Gd composite about
100 ps after it burns through the equivalent areal mass of Au.
(70-00-0197-0147pb01)

the accuracy of the measurement. The ratio of the
Rosseland mean opacities then depends on the ratio of
the burnthrough times squared and on the ratio of the
areal masses of the foils to the 2.2 power. The foils
were fabricated so that this latter quantity is nominally
one, but the exact values were used in determining the
ratio of opacities. Figure 6 shows the ratio of the
Au/Gd foil’s Rosseland mean opacities to that of Au
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for the two different concentrations of Gd. The errors
associated with the measurement correspond to uncer-
tainties in the streak camera sweep speed (£15 ps) and
in errors in determining the precise thickness of the
foils (+£250 A). In addition, the measured concentra-
tion of Gd is accurate to about +5%. Figure 6 also
shows the calculated Rosseland mean opacity of the
Au/Gd mixture as a function of Gd concentration.
For these calculations, we used the XSN opacity model
and assumed a temperature of 250 eV and a density of
1.0 g/ cm®. The calculations were done for seven differ-
ent Gd concentrations ranging from 0% to 100%; the
solid line is a fit to these seven calculated points. These
calculations indicate that the maximum improvement in
opacity corresponds to a 50:50 mixture of Au and Gd.
The overall improvement in the opacity (over that of
pure Au at the same temperature and density) is a factor
of 1.7. This curve is normalized to the Rosseland mean
opacity of Au at 1.0 g/cm? at temperature of 250 eV
(kg[Au]) = 1500 cm?/ g). The opacity of Gd at this tem-
perature and density is 1300 cm?/g. An independent
series of experiments measured Marshak wave propaga-
tion through different thicknesses of Au foil (1-3 ym)
and monitored the radiation at two different energies
(225 and 550 eV).14 In these experiments, the hohlraum
temperatures were 250 to 265 eV, and they validated
the XSN opacity model to within 20% for Au at these
temperatures. We indicate the results of those experi-
ments by the datum at the pure Au end of the curve
(fraction Gd = 0%).
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FIGURE 6. Rosseland mean opacity of a Au/Gd composite normal-
ized to that of pure Au at a temperature of 250 eV and a density of
1 g/cm3. The open points correspond to the results of XSN calcula-
tions, and the solid line is a quadratic fit to those points. The solid
points show the normalized opacity of the measurements as deter-
mined using Eq. (5). The datum at zero concentration of Gd corre-

sponds to earlier work that verified the XSN opacity model.
(70-00-0197-0148pb01)
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The analytic models yield insight into the physical
processes that govern the behavior of the Marshak
wave propagation and illustrate its sensitivity to the
various parameters that affect it (ky, T, etc.). However,
the real situation is quite complicated. For example, the
absorbed laser power may not be constant in time
because of parametric instabilities such as SRS, or
hohlraum conversion efficiency may behave differently
from “disk” conversion efficiency. Furthermore, the
opacity calculation in Figure 6 represents one specific
density and temperature. In reality, the experiment sam-
ples a range of densities and temperatures. In view of
the relative simplicity of the model to the actual time
dependent phenomenon, the model is remarkably
accurate in that the measurements as interpreted by
the model are only about 10 to 12% lower than the
XSN calculation. Perhaps an even more sophisticated
treatment of bound-bound transitions than that XSN
employs would account for the discrepancy. The most
accurate way of determining the opacity of the com-
posite is to simulate the experiment with a rad-hydro
code. Initial LASNEX calculations monitoring a 250-eV
photon energy channel yield a burnthrough time in a
2:1 Au/Gd mixture that is 1.3 times longer than that in
an equivalent areal mass of pure Au. The measured
burnthrough time (at 225 eV) is 1.2 times longer.
Similarly, the simulation gives a burnthrough time that
is 1.25 times longer than that in an equivalent areal
mass of pure Au for a 1:2 Au/Gd mixture while the
measured burnthrough time is 1.3 times longer.

Conclusion

By combining the appropriate elements, we have
demonstrated that we can produce a composite whose
Rosseland mean opacity is higher than that of either of
the constituents at a given temperature and density.
The elements must be chosen so that the high-opacity
regions (in photon energy) of one element overlap
with the low-opacity regions of the other. Because the
composites have a higher reemission coefficient to the
incident radiation, less energy is lost to the wall. For
example, in the scale-1 hohlraums used in these exper-
iments, the wall losses account for about 75% of the
total energy lost (the remainder goes out through the
LEHs; there are no capsule losses in these hohlraums).
The observed 50% increase in the opacity of the com-
posite could result in a 15% reduction in wall loss and
in 12% less energy required to achieve the same
hohlraum temperature. Alternatively, on Nova, the
same amount of laser energy could lead to an increase
in temperature of about 8 eV (about 12% more flux
available to drive a capsule). The reduction in wall loss
for the National Ignition Facility, the planned 1.8-M]
laser designed to achieve ignition in an ICF target, is
even more dramatic. Here, for the point design igni-
tion target,!? the energy lost to the hohlraum wall
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would be reduced by about 160 kJ if the pure Au
hohlraum was replaced with a hohlraum made of the
37% Au, 63% Gd composite. For an alternate ICF reac-
tor based on a 10-M]J heavy-ion driver,* a reduction of
1.7 MJ in wall loss can be realized with the Au/Gd
hohlraum wall.
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